In this study, we tested whether TRPV6 is regulated by OCRL and, if so, to what extent it is altered by Dent-causing OCRL mutations using Xenopus laevis oocyte expression system. Exogenous OCRL decreased TRPV6-mediated Ca 2ϩ uptake by regulating the function and trafficking of TRPV6 through different domains of OCRL. The PI(4,5)P 2 5-phosphatase domain suppressed the TRPV6-mediated Ca 2ϩ transport likely through regulating the PI(4,5)P2 level needed for TRPV6 function without affecting TRPV6 protein abundance of TRPV6 at the cell surface. The forward trafficking of TRPV6 was decreased by OCRL. The Rab binding domain in OCRL was involved in regulating the trafficking of TRPV6. Knocking down endogenous X. laevis OCRL by antisense approach increased TRPV6-mediated Ca 2ϩ transport and TRPV6 forward trafficking. All seven Dentcausing OCRL mutations examined exhibited alleviation of the inhibitory effect on TRPV6-mediated Ca 2ϩ transport together with decreased overall PI(4,5)P 2 5-phosphatase activity. In conclusion, OCRL suppresses TRPV6 via two separate mechanisms. The disruption of PI(4,5)P2 5-phosphatase activity by Dent-causing mutations of OCRL may lead to increased intestinal Ca 2ϩ absorption and, in turn, hypercalciuria. transient receptor potential, vanilloid subfamily, subtype 6; oculocerebrorenal syndrome of Lowe HYPERCALCIURIA IS THE MOST common metabolic abnormality in patients with kidney stones; however, the detailed molecular mechanisms underlying hypercalciuria are not well understood (9, 14, 40) . Increased intestinal Ca 2ϩ absorption, decreased renal Ca 2ϩ reabsorption, or loss of Ca 2ϩ from the bone may all contribute to the pathogenesis of hypercalciuria (14) . The common form of hypercalciuria, idiopathic hypercalciuria, appears to be a disorder of polygenic trait, which provides limited evidence to the pathogenesis of hypercalciuria (40) . On the other hand, some monogenic disorders are also associated with hypercalciuria. One of these disorders is Dent disease, an X-linked disorder featuring low-molecular-weight proteinuria, hypercalciuria, nephrocalcinosis, and kidney stone (10) . Understanding the mechanism of hypercalciuria in Dent's disease may provide insights into the pathogenesis of idiopathic hypercalciuria.
Mutations in either the CLCN5 (24) or OCRL gene (15) may result in Dent's disease. CLCN5 gene encodes CLC-5, a H ϩ /Cl Ϫ antiporter in the endosome (39) . Removal of Clcn5 gene in mice results in a decreased level of endocytic receptor megalin due to the recycling defect in the proximal tubule and in turn causes proteinuria (35, 55) . OCRL is a protein associated with oculocerebrorenal syndrome of Lowe, an X-linked disorder featuring congenital cataract, mental retardation, and renal proximal tubulopathy (1) . OCRL is a phosphatidyl inositol 4,5-bisphosphate [PI(4,5)P 2 ] 5-phosphatase (58) localized to the Golgi complex (11, 31) and endosome (5) . OCRL regulates PI(4,5)P 2 balance in these cellular compartments and in turn recruits different proteins for membrane trafficking. Mice lacking Ocrl gene or its homolog Inpp5b gene appear to be normal; however, mice lacking both Ocrl and Inpp5b exhibit embryonic lethality (18) . Interestingly, when the Ocrl null mice express human INPP5B but not the mouse Inpp5b, they survive and develop syndrome similar to Dent disease (3). Thus the two lipid phosphatases could compensate for each other, and they are indispensable for some important cellular processes.
The pathogenesis of hypercalciuria in Dent disease is not well understood; however, it may be attributable to the elevated 1,25-dihydroxyvitmain D 3 [1, 25(OH) 2 D 3 ] level (42) , increased intestinal absorption (27) , and renal Ca 2ϩ leak and increased bone resorption (42) in Clcn5 knockdown or knockout animal models. About one-half of Dent disease patients have fasting hypercalciuria, and all patients exhibit exaggerated increase in Ca 2ϩ excretion in response to oral Ca 2ϩ loading (37) . The elevated response to oral Ca 2ϩ load and the elevated 1,25(OH) 2 D 3 level in Dent patients are consistent with the involvement of hyperabsorption of Ca 2ϩ under Dent disease conditions. Little is known about the mechanism underlying hypercalciuria caused by OCRL mutations.
TRPV6 (previously known as CaT1) is a Ca 2ϩ channel expressed in the apical membrane of intestinal epithelial cells, where it mediates the first step of active Ca 2ϩ absorption (33, 59) . Trpv6 KO mice exhibit a 60% reduction in intestinal Ca 2ϩ absorption (2). TRPV6 is highly regulated by 1,25(OH) 2 D 3 at transcriptional level due to the presence of multiple vitamin D responsive elements in its promoter region (29) . A 90% reduction of duodenal TRPV6 mRNA was observed in vitamin D receptor knockout mice (52) . An ancestral haplotype of TRPV6 is associated with hyperabsorption of Ca 2ϩ in a kidney stone patient (47) . Intestinal overexpression of TRPV6 in mice resulted in elevated plasma Ca 2ϩ level, soft tissue calcification, hypercalciuria, and bladder stone (7) . This suggests that elevated TRPV6 activity could result in hypercalciuria.
In a Clcn5 knockout model of Dent disease, TRPV6 mRNA level is significantly elevated, likely due to increased 1,25(OH) 2 D 3 in this mouse model (42) . We observed that CLC-5 decreased protein abundance of TRPV6 when coexpressed in Xenopus laevis oocytes (30) . We hypothesize that TRPV6 is also regulated by OCRL based on the evidence that OCRL is involved in protein trafficking. In this study, we examined this hypothesis and found OCRL inhibits TRPV6 via its two mechanisms by different domains. This regulation is impaired by Dent-causing mutations, arguing for a role of this regulation in the pathogenesis of hypercalciuria in Dent disease.
MATERIALS AND METHODS
cDNA constructs. The human TRPV6 cDNA was described previously (32) . The human OCRL cDNAs were purchased from Open Biosystems (Huntsville, AL) and were subcloned into the X. laevis oocytes expression vector pIN (20, 21) with Sal I and BamH I. To construct HA (hemagglutinin epitope)-tagged OCRL, OCRL cDNA was subcloned into pIN-HA vector with Mlu I and Sal I, and HA cDNA was linked to the 5=-terminus of OCRL cDNA with Mlu I site. Different fragments of OCRL were amplified from pIN-OCRL by PCR with AccPrime Pfx kit (Invitrogen, Carlsbad, CA) and cloned into pIN-HA or pIN-FLAG vector with Mlu I and Sal I. Mutants were generated using the QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA) following the manufacturer's instruction and confirmed by sequencing.
Cloning of partial X. laevis OCRL cDNA. Because no sequence information on X. laevis OCRL (xOCRL) was available for designing antisense oligodeoxynucleotides, we decided to clone partial xOCRL cDNA. Based on the predicted Xenopus tropicalis OCRL cDNA sequence (GenBank accession no. XM_002938379), we selected two primers in the conserved domain to amplify xOCRL cDNA fragment from X. laevis oocyte total RNA using RT-PCR approach. The two primers were 5=-agctacgcgtACCAAACACCCAGTCTG-3= (1,458 -1,474 of XM_002938379, sense) and 5=-agctacgcgtGTCACTG-GTTTTGAGTTCC-3= (2,394 -2,376 of XM_002938379, antisense). The Mlu I restriction endonuclease cutting sites (underlined in the primers) were used to clone the amplified products to pIN vector for sequencing. The resultant 864-bp xOCRL cDNA fragment encodes 288 amino-acids mostly in the 5-phosphatase domain of xOCRL. The sequence information of xOCRL has been deposited to GenBank (accession no. JQ613219).
Ca 2ϩ uptake in X. laevis oocytes. In vitro transcription, injection of the resultant capped synthetic complementary RNAs (cRNAs) into oocytes, and 45 Ca 2ϩ uptake assay in oocytes were conducted as described previously (20, 21) . The animal protocol used in this study was approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham. The cRNAs were injected at 12.5 ng/oocytes for each cRNA unless stated otherwise. In experiments involving knockdown endogenous OCRL, antisense oligodeoxynucleotide against X. laevis OCRL (anti-xOCRL, 5=-CATTC-CAACAAGGCGG-3=) or control oligodeoxynucleotide (control, 5-CTAAAATACCGCAGCC-3=) were injected 1 day before injection of TRPV6 cRNA. Ca 2ϩ uptake data are presented as mean values from at least two experiments with 7 oocytes per group, using the means Ϯ SE as the index of dispersion.
Western blot analysis and biotinylation. Western blot and biotinylation were performed as described previously (20, 21) . Monoclonal anti-HA antibody (product no. H9658, 1:5,000 dilution) was purchased from Sigma-Aldrich (St. Louis, MO). The rabbit customermade anti-TRPV6 antiserum (1:3,000 dilution) was described previously (57) . Mouse anti-human OCRL (sc-100386, 1:1,000) and anti-␤-actin antibody (sc-47778, 1:5,000 dilution) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-FLAG antibody (F7425, 1:2,000 dilution) was purchased from Sigma-Aldrich. Appropriate horseradish peroxidase-conjugated secondary antibodies (1:5,000 dilution) were purchased from Santa Cruz Biotechnology. Chemiluminescence was detected using a SuperSignal West Femto maximum sensitivity substrate or SuperSignal West Pico chemiluminescent substrate kit (Pierce, Rockford, IL) in accordance with the manufacturer's protocol.
RNA isolation and RT-PCR. RNA was isolated from rat intestinal tissues or X. laevis oocytes as described previously (57) . One microgram of total RNA was reverse-transcribed with random primer and SuperScript III first-strand kit (Invitrogen, Carlsbad, CA). GAPDH, which is a housekeeping gene, was served as a control gene to verify the consistency of reverse transcription. Rat TRPV6 fragment was amplified by PCR using the following primers: 5=-CATCTTCCAGA-CAGAGGACCC-3= (1,527-1,547 of open reading frame, sense) and 5=-TTAGATCTGGTACTCCCAGCCCT-3= (2,184 -2,162, antisense). For rat OCRL, the primers used were 5=-GAATGTGAAGTTTCG-GCAGC-3= (1,719 -1,738, sense) and 5=-AGGGATTGTCTCAG-GAATGCT-3= (2,337-2,317, antisense). For X. laevis OCRL (xOCRL), the primers used were 5=-AGCTACGCGTGCACATCCTTGCAA-GAAAGA-3= (sense) and 5=-AGCTGTCGACTTACATGTGGCTGCG-GTATTTTAG-3= (antisense), and the Mlu I and Sal I endonuclease cutting sites were included in sense and antisense primers, respectively, to clone the amplified cDNA in to pIN-HA vector. For X. laevis GAPDH, primers used were 5=-CGGATTTGGCTGTATTGG-3= (65-82, sense) and 5= CAGGATTCCCTTCATTGG-3= (860 -843, antisense). Amplification reactions were performed with Premix rTaq (New England Biolabs, Ipswich, MA) for 35 cycles for TRPV6, 30 cycles for OCRL, and 18 cycles for GAPDH using Mastercycler (Eppendorf, Westbury, NY).
Trafficking of TRPV6. For assessing the effect of exogenous OCRL on the trafficking of TRPV6, oocytes were injected with TRPV6 cRNA alone or with HA-OCRL at 12.5 ng/oocyte and for assessing endogenous OCRL on TRPV6 trafficking, 1 day before injection of TRPV6 cRNA, oocytes were injected with an antisense oligodeoxynucleotide against xOCRL (anti-XOCRL) or nonspecific oligodeoxynucleotide (control). After being cultured at 18°C for 36 h postinjection, oocytes were subjected to injection with cRNA of Rab11a S25N, which inhibit recycling (38, 53) , or incubation with brefeldin A (BFA, Tocris Bioscience, Ellisville, MO) at 20 g/ml, or both. The Ca 2ϩ uptake assay was carried out at 0, 12, and 24 h later. For controlling the effects not specific to TRPV6, separate oocyte groups were injected with the same combinations of cRNAs or water except for the TRPV6 cRNA. The control groups were treated the same way as the experimental groups. Ca 2ϩ uptake values in the experimental groups were subtracted by the control groups to obtain TRPV6-mediated Ca 2ϩ uptake. Data are expressed as percentage of the TRPV6-mediated Ca 2ϩ uptake value at 0 h. Pulse and chase experiments. Oocytes were injected with cRNAs of glutathione S-transferase (as control), HA-OCRL or its mutants and at 12.5 ng/oocyte each. Oocytes were incubated at 18°C in 0.5ϫ L-15 medium. Twelve hours later, FLAG-TRPV6 cRNA (25 ng/oocyte) was injected into the preinjected oocytes. After a 5-h incubation period, part of the oocytes in each group was isolated and the total proteins were extracted, and the remaining oocytes were incubated with cycloheximide (100 g/ml), MG-132 (20 M), and chloroquine (100 M) to block protein synthesis, proteasomal, and lysosomal degradation, respectively. Oocyte proteins were extracted at 5, 10, or 24 h from application of the inhibitors. TRPV6 protein levels were analyzed by Western blot using anti-FLAG antibody.
Assessment of 5-phosphatase activity. Oocytes were injected with water or cRNA of HA-OCRL or its mutants, and 36 h later the total proteins were extracted with lysis buffer (100 mM NaCl, 20 mM Tris·Cl, and 1% Triton X-100 plus protease inhibitor mixture, pH 7.6). For each assay, 10 oocytes were extracted with 200 l lysis buffer and the amount corresponding to 0.1 l of the lysate was mixed into 25 l phosphatase buffer (20 mM Tris·Cl pH 7.2, 150 mM NaCl, 3 mM MgCl 2, and 200 g/ml BSA) that contained 2,000 pmol PI(4,5)P2 diC8 (Echelon Biosciences, Salt Lake City, UT), and the reaction mixture was incubated at 37°C for 30 min, followed by incubation at 75°C for 3 min to inactive the phosphatase. Background free phosphate in water-injected oocytes was determined by the same procedure without addition of PI(4,5)P 2 diC8. The phosphatase activity was evaluated by the production of free phosphate using malachite green phosphatase assay kit (Echelon Biosciences, Salt Lake City, UT) following the manufacturer's instructions and described briefly as follows. Firstly, free phosphate standard (provided in the kit) was diluted to a series of concentrations ranging from 0 to 1,600 pmol at 200-pmol intervals in 25-l solutions. Then, the standards or reaction mixtures were mixed with 100 l malachite green solution (provided in the kit) and incubated at room temperature for 20 min. The absorbance of each reaction mixture at 620 nm was determined with a spectrometer. Standard curves were plotted using the regression program of SPSS software 13.0 (IBM, New York, NY) to fit the data. The values of free phosphate in the reaction mixtures were determined based on their absorbance at 620 nm using standard curves.
Immunofluorescent staining. Rat intestinal tissue section and immunostaining were performed as described previously (57) . Rabbit anti-TRPV6 antibody was described previously (57) . Mouse anti-OCRL antibody (sc-100386, 1:100), bovine anti-mouse IgG-TR (sc-2788, 1:1,000), and goat anti-rabbit IgG-FITC (sc-2012, 1:500) were all purchased from Santa Cruz Biotechnology, (Santa Cruz, CA).
RESULTS

Expression of OCRL in rat intestine.
OCRL has been shown to be present in all human tissues and cell lines examined, including intestinal tissues (22) . We confirmed the distribution of OCRL mRNA in rat intestinal tract by RT-PCR (Fig. 1A ). For comparison, we also measured the TRPV6 mRNA level in the intestinal tract. Unlike TRPV6, which exhibited a decreasing mRNA gradient from proximal to distal small intestine as observed previously (33, 57) , OCRL mRNA level did not vary significantly throughout the rat intestine (Fig. 1A) as observed previously in humans (22) . OCRL antibody exhibited significant immunostaining in epithelia of rat duodenum and colon where TRPV6 was strongly expressed (Fig. 1B) . Although TRPV6 and OCRL signals were identified in the same cells, TRPV6 proteins were mostly distributed to the apical membrane whereas OCRL staining was mostly observed in intracellular compartment (Fig. 1B) . No specific staining was observed using preimmune serum for TRPV6 antibody or without the primary antibody of OCRL (Fig. 1B) .
OCRL decreases TRPV6-mediated Ca 2ϩ uptake in X. laevis oocytes. To evaluate the potential effect of OCRL on TRPV6, we injected cRNAs for OCRL and TRPV6 in X. laevis oocytes and TRPV6-mediated Ca 2ϩ uptake was assessed 2 days later ( Fig. 2A) . TRPV6-mediated Ca 2ϩ uptake value was decreased by 58.7 Ϯ 4.1% in the presence of OCRL ( Fig. 2A, top) . TRPV6 protein abundance, especially the complexly N-glycosylated forms with higher molecular weight (20) , was also significantly reduced as assesses by Western blot analysis ( Fig.  2A, bottom) . NH 2 -terminal tagging OCRL with HA epitope (HA-OCRL) did not significantly affect the ability of OCRL to inhibit TRPV6 ( Fig. 2A) .
To evaluate the effect of endogenous X. laevis OCRL (xOCRL) on TRPV6, we cloned a part of xOCRL cDNA (GenBank accession no. JQ613219) from oocytes. Based on the sequence of xOCRL, we designed antisense oligodeoxynucleotide against xOCRL (anti-xOCRL). RT-PCR results indicated anti-xOCRL successfully decreased endogenous xOCRL mRNA in oocytes relative to control oligodeoxynucleotide and water (Fig. 2B, left) . In the absence of an antibody against xOCRL, to confirm the effectiveness of anti-xOCRL antisense oligodeoxynucleotide in knocking down xOCRL protein, we cloned a xOCRL fragment (encoding 288 amino acids that are mainly located in the 5-phosphatase domain) into pIN-HA vector for expression in oocytes. The cRNA for the HA-tagged xOCRL fragment was injected into oocytes, and 12 h later, anti-xOCRL, control oligodeoxynucleotide, or water was injected. Two days later, xOCRL abundance was analyzed by Western blot. In contrast to oocytes injected with control oligodeoxynucleotide or water, the HA-tagged xOCRL fragment was not detectable in oocytes injected with anti-xOCRL oligodeoxynucleotide, whereas ␤-actin was unaffected (Fig.  2B, right) . These results confirmed the capability of antixOCRL to effectively knockdown xOCRL, even though the exact levels of endogenous xOCRL in different groups were not known. To evaluate the effect of anti-xOCRL on TRPV6-mediated Ca 2ϩ uptake, TRPV6 cRNA was injected 1 day after injection of anti-xOCRL, control oligodeoxynucleotide, or water. Compared with control and water, anti-xOCRL oligodeoxynucleotide significantly increased TRPV6-mediated Ca 2ϩ uptake and the abundance of complexly glycosylated bands of TRPV6 (Fig. 2C ). These observations indicate that endogenous xOCRL inhibits TRPV6, similar to exogenous OCRL.
The 5-phosphatase domain of OCRL regulates TRPV6 Ca 2ϩ uptake activity. To identify key domains in OCRL that are important in regulating TRPV6, we constructed various HAtagged OCRL fragments and evaluated their effects on TRPV6 (Fig. 3) . The NH 2 -terminal (amino-acids 1-236) or COOHterminal region (amino-acids 536 -901) alone had minimal effects on TRPV6. In contrast, the middle section (construct 221-539) that contains the 5-phosphatase domain (amino-acids 237-539) exhibited robust inhibiting effect on TRPV6-mediated Ca 2ϩ uptake (65.4 Ϯ 3.0% inhibition). It has been shown that TRPV6 channel is inactivated when PI(4,5)P 2 is depleted and application of PI(4,5)P 2 prevents TRPV6 inactivation (48) . Therefore, the 5-phosphatase activity of OCRL may suppress TRPV6 by decreasing the level of PI(4,5)P 2 . The Ca 2ϩ uptake values were not always correlated to the abundance of the complexly glycosylated bands of TRPV6 in Fig. 3 , because complexly glycosylated TRPV6 proteins only contributed to a small fraction of functional TRPV6 at the plasma membrane and the majority of TRPV6 detected at the plasma membrane was in core-glycosylated form (20) . In addition, PI(4,5)P 2 may only affect the function of TRPV6 without a significant effect on the membrane abundance of TRPV6. The 536 -901 construct appeared to reduce the abundance of complexly glycosylated TRPV6, likely due to the Rab binding domain in the construct that affects the forward trafficking of TRPV6 (see below and Fig. 6E) .
Mutations of conserved amino acids in the inositol polyphosphate phosphatase catalytic domain homologues abolish the 5-phosphatase activity of the platelet 75-kDa inositol polyphosphate 5-phosphatase II (19) . As a member of the inositol polyphosphate phosphatase family, OCRL also possesses these conserved amino acid residues in its catalytic phosphatase domain. When a conserved aspartate residue in OCRL was mutated to alanine (D422A), the phosphatase activity was abolished (Fig. 4A) . The D422A mutation also alleviated the inhibitory effect of OCRL on TRPV6 (Fig. 4B) . Coexpression of OCRL decreased the surface abundance of TRPV6 protein (Fig. 4C) . Unlike TRPV6 Ca 2ϩ uptake activity, TRPV6 protein abundance at the cell surface was not restored by the D422A mutation (Fig. 4C) . This suggests the effect of the 5-phosphatase of OCRL is on the Ca 2ϩ uptake activity of TRPV6. By manipulating the level of TRPV6 cRNA injected, we observed a condition that the surface abundance of TRPV6 protein was higher in a group of oocyte coexpressing TRPV6 and OCRL but the Ca 2ϩ uptake activity was actually lower than the group expressing TRPV6 alone with a lower level of TRPV6 protein at the cell surface (Fig. 4D) . This suggested that TRPV6 Ca 2ϩ uptake activity is inhibited by OCRL likely through its PI(4,5)P 2 phosphatase activity. To confirm the role of the catalytic activity of the 5-phosphatase domain in regulating TRPV6, we introduced the D422A mutation in the 5-phosphatase alone construct (amino-acids 221-539). In this background, the D422A mutation completely abolished the inhibitory effect on TRPV6 (Fig. 4E) . Comparing Fig. 4 , B and by lysate of oocytes injected with cRNA for wild-type HA-OCRL (WT), D422A mutant, or water. Control group shows the free phosphate in from lysates of water injected oocytes without addition of PI(4,5)P2 diC8. Data derived from 3 independent experiments are expressed as means Ϯ SE. *P Ͻ 0.01 vs. D422A or water group; NS, not significant (P Ͼ 0.05). B. Ca 2ϩ uptake in oocytes expressing TRPV6 alone or TRPV6 plus HA-tagged wild-type or D422A mutant of OCRL. cRNAs of OCRL constructs (wild-type or mutant) were injected at 25 ng/oocyte and TRPV6 cRNA was injected at 12.5 ng/oocyte. Data of 39 -42 oocytes/group from 6 independent experiments are shown. C: biotinylated FLAG-TRPV6 in oocytes expressing FLAG-TRPV6 alone or together with HA-OCRL wild type or its D422A mutant detected by FLAG antibody. D: surface abundance of FLAG-TRPV6 detected by biotinylation vs. Ca 2ϩ uptake value among groups of oocytes injected with 4 or 8 ng FLAG-TRPV6 cRNA/oocyte, with or without 25 ng of HA-OCRL cRNA/oocyte. Data are derived from 14 -56 oocytes in 2-8 independent experiments. E: Ca 2ϩ uptake of oocytes expressing TRPV6 alone or TRPV6 plus HA-tagged OCRL 5-phosphatase domain (amino acids 221-539) or the domain containing D422A mutation. Each group included 21 oocytes from 3 independent experiments. *P Ͻ 0.01; NS, not significant (P Ͼ 0.05).
E, it became clear that 1) the 5-phosphatase activity is capable of regulating TRPV6 on its own, and 2) other mechanisms in OCRL also play a significant role in regulating TRPV6.
Rab protein binding domain of OCRL regulates TRPV6 protein abundance. Rab GTPases are monomeric G proteins regulating many steps of membrane trafficking (44) . OCRL has been shown to be a binding partner for Rab proteins in Golgi apparatus and early endosome (17) . The minimal sequence of OCRL required for Rab binding (amino-acids 555-678) is mainly localized to the ASH domain (16) . Mutations such as G664D in OCRL disrupt its binding to Rab proteins (17) . To evaluate the role of Rab binding in the regulation of TRPV6 by OCRL, we assessed the effect of G664D mutant on TRPV6 (Fig. 5) . The G664D mutant exhibited weakened ability to inhibit TRPV6-mediated uptake (Fig. 5A) . In contrast to the 5-phosphatase disrupting D442A mutant, the G664D mutant also partially restored the TRPV6 protein abundance at the cell surface (Fig. 5B) .
Because Rab interaction stimulates the 5-phosphatase activity of OCRL (17), we wondered whether the relieving effect of Rab binding mutations on TRPV6 is related to a potential alteration of 5-phosphatase activity. To test this, we introduced G664D and S564P, another Rab binding mutation (17) in the 5-phosphatase domain-lacking and D422A mutants, respectively (Fig. 6, A and B) . The two Rab binding-defective mutations were able to relieve the inhibitory effect of the 5-phosphatase-defective OCRL proteins on TRPV6-mediated Ca 2ϩ uptake, suggesting that the OCRL Rab binding function may regulate TRPV6 independently. On the other hand, in the background of Rab binding-defective S564P or G664D mutation, the 5-phosphatase activity still played a role in inhibiting TRPV6 because the D422A mutation significantly relieved the inhibitory effects of the Rab binding-defective OCRL on TRPV6 (Fig. 6C) . However, the D422A mutation had little effect on the abundance of the complexly N-glycosylated TRPV6 (Fig. 6E) . In contrast, the Rab binding mutations (S564P and G664D) significantly relieved the inhibitory effect of OCRL on the abundance of the complexly N-glycosylated bands of TRPV6 (Fig. 6E ). This effect of S564P and G664D mutations was preserved in the 5-phosphatase-lacking construct (Fig. 6D ) and 5-phosphatase-defective construct (Fig.  6E) . These results indicate Rab binding and 5-phosphatase activity of OCRL could act independently in inhibiting TRPV6.
OCRL regulates TRPV6 trafficking. To further understand the mechanisms by which TRPV6 is regulated by OCRL, we evaluated the effect of biosynthesis and degradation of TRPV6. The total amount of TRPV6 protein synthesized in 5-h time period was not altered by OCRL expression, and the degradation of TRPV6 protein was only slightly enhanced in the presence of OCRL (data not shown). Thus TRPV6 protein synthesis and degradation appeared not to be the key steps regulated by OCRL. We then evaluated whether TRPV6 trafficking is affected by OCRL. After being synthesized in the endoplasmic reticulum, TRPV6 proteins can be delivered through the secretory pathway or an alternative pathway to the plasma membrane (20) . The majority of TRPV6 protein reaches the plasma membrane through the alternative pathway where it bypasses the trans-Golgi network and therefore is not complexly glycosylated (20) . There is also a TRPV6 proteinrecycling pool under the plasma membrane, where TRPV6 can go back and forth between the recycling pool and plasma membrane (53) . It is well established that Rab11 is involved in the recycling process (38) . The Rab11a S25N mutation, which disrupts GTP binding, interacts directly with TRPV6 and inhibits its recycling (53) . Rab11a S25N mutant is thus a tool to block TRPV6 recycling.
A very moderately more rapid decrease in TRPV6-mediated Ca 2ϩ uptake was observed in the presence of HA-OCRL compared with that in the absence of HA-OCRL (TRPV6-mediated Ca 2ϩ uptake was 65.5 Ϯ 5.5% and 79.0 Ϯ 4.1% of those at time 0, respectively, in presence and absence of HA-OCRL 24-h later; Fig. 7A, control) . By expression of Rab11a S25N to inhibit the recycling of TRPV6 back to cell surface, a much more dramatic decline in TRPV6-mediated Ca 2ϩ uptake was revealed in the group coinjected with HA-OCRL than the TRPV6 alone group (Fig. 7A, Rab11a S25N) . One day postinjection of Rab11a S25N cRNA, the Ca 2ϩ uptake value decreased to 33.4 Ϯ 3.3% in presence of HA-OCRL compared with 71.3 Ϯ 4.3% in the absence of HA-OCRL. Rab11a S25N proteins were rapidly synthesized in oocytes and high levels of Rab11a S25N protein were maintained at least from 3 to 24 h after injection (data not shown). It has been shown that unlike some Rab proteins, Rab11 does not bind to OCRL (17) ; thus it is unlikely Rab11a influences the function of OCRL. This suggested that the recycling of TRPV6 from the recycling pool to the plasma membrane may be enhanced in the presence of HA-OCRL. Since the recycling was blocked, an alteration in either the forward or the reverse trafficking or both should account for the observed effects of OCRL on TRPV6 in the presence of Rab11a S25N. Fig. 7 . OCRL regulates TRPV6 trafficking. A: trafficking of TRPV6 in the presence and absence of HA-OCRL. Thirty-six hours after injection of cRNA(s) for TRPV6 or TRPV6 plus HA-OCRL each at 12.5 ng/oocyte, oocytes were injected with cRNA of Rab11a S25N at 12.5 ng/oocyte, treated with brefeldin A (BFA, 20 g/ml), or both. TRPV6-mediated Ca 2ϩ uptake was assessed at 0, 12, and 24 h after treatment. Data from 30 -35 oocytes of 5 independent experiments are represented as percent of the value at 0 h in each group. *P Ͻ 0.01 vs. TRPV6 alone group. B: effect of BFA on TRPV6-mediated Ca 2ϩ uptake was diminished in the presence of HA-OCRL. Data are derived from the Rab11aS25N group and Rab11a S25N ϩ BFA group at 24 h in A. C: effect of BFA on TRPV6-mediated Ca 2ϩ uptake was increased when endogenous xOCRL was knocked down by the anti-xOCRL oligodeoxynucleotide. The process of this experiment was similar to that described in B except that oligodeoxynucleotides were injected 1 day before injection of TRPV6 cRNA. Data are derived from 3 independent experiments. D: Rab binding disrupting G664D mutation, but not the phosphatase-dead D422A mutation, abolished the effect of HA-OCRL on TRPV6 in the presence of Rab11a S25N as described in A. Data from 23-28 oocytes of 4 independent experiments are expressed as percentage of the Ca 2ϩ uptake value at 0 h. *P Ͻ 0.01; NS, not significant (P Ͼ 0.05).
We next used BFA, which disrupts Golgi apparatus and in turn prohibits insertion of newly synthesized proteins to the plasma membrane (23) , to block the forward trafficking of TRPV6 after 36-h expression of TRPV6 or TRPV6 and HA-OCRL (Fig. 7A, BFA) . The decrease in TRPV6-mediated Ca 2ϩ uptake was not different in the presence and absence of HA-OCRL with 12-h or 24-h BFA treatment (20 M) . This suggests the forward trafficking of newly synthesized proteins may account for the difference caused by HA-OCRL observed in the control group of Fig. 7A .
We next blocked both the recycling and forward trafficking with both Rab11a S25N and BFA. Under this condition, TRPV6-mediated Ca 2ϩ uptake decreased significantly more rapidly in the presence of HA-OCRL than in the absence of HA-OCRL (Fig. 7A, Rab11a S25N ϩ BFA) . Since both forward trafficking and recycling back to plasma membrane were blocked, the difference should be attributed to the reverse trafficking of TRPV6. Thus this result indicates the reverse trafficking of TRPV6 was accelerated by OCRL.
Comparing the difference between the effect of Rab11a S25N alone (Fig. 7A, Rab11a S25N ) and that together with BFA (Fig. 7A, Rab11a S25N ϩ BFA) , it became apparent that the forward trafficking of TRPV6 was also decreased significantly by OCRL. In the absence of HA-OCRL, Ca 2ϩ uptake was decreased by 39.3% (from 71.3 Ϯ 4.3 to 43.3 Ϯ 1.5%) with 24-h BFA treatment. By contrast, only 10.5% (from 33.4 Ϯ 3.3 to 29.9 Ϯ 2.1%) was observed in the presence of HA-OCRL (Fig. 7B) . This indicated that the process blocked by BFA was largely diminished in the presence of OCRL when the recycling of TRPV6 was blocked (Fig. 7B) . To evaluate endogenous X. laevis xOCRL on TRPV6 trafficking, we injected anti-xOCRL or control oligodeoxynucleotide into oocytes 1 day before injection of TRPV6 cRNA. The effectiveness of this anti-xOCRL oligodeoxynucleotide in knocking down of xOCRL was evaluated earlier (Fig. 2, B and C) . In the presence of Rab11a S25N, Ca 2ϩ uptake was decreased by 59.1% (from 42.0 Ϯ 3.4 to 17.2 Ϯ 1.7%) within 24-h BFA treatment in the presence of anti-xOCRL. In contrast, only 38.7% (from 31.4 Ϯ 2.3 to 19.1 Ϯ 1.8%) was observed in the presence of control oligodeoxynucleotide (Fig. 7C) . This suggests that endogenous xOCRL acts similarly to BFA (Fig. 7C) . In addition, knocking down xOCRL by anti-xOCRL did not prevent the decrease of TRPV6-mediated Ca 2ϩ uptake in the presence of Rab11a S25N and BFA, and 24 h later the remaining Ca 2ϩ uptake value was 17.2 Ϯ 1.7% for antixOCRL group and 19.1 Ϯ 1.8% for control oligodeoxynucleotide (Fig. 7C) , indicating that the endogenous OCRL may not accelerate the reverse trafficking of TRPV6. Taken together the results, both exogenous and endogenous OCRL blocked the forward trafficking of newly synthesized TRPV6 proteins.
To further understand whether the phosphatase activity or the Rab protein binding domain plays a critical role in regulating TRPV6 trafficking, we evaluated the effects of D422A and G664D mutant, respectively, in the presence of Rab11a S25N. Twenty-four hours after injection of Rab11a S25N cRNA, the inhibitory effect of HA-OCRL on TRPV6-mediated Ca 2ϩ uptake was completely abolished by the G664D mutation. In contrast, the D422A mutation had no significant effect (Fig. 7D) . This indicated that it was the Rab protein binding domain, not the phosphatase activity, played an essential role in regulating TRPV6 trafficking.
To confirm the effect of OCRL on TRPV6 forward trafficking, we conducted pulse and chase experiments. In this experiment, TRPV6 was expressed for 5 h in the presence or absence of preexpressed HA-OCRL and then protein synthesis was blocked by cycloheximide (100 g/ml). Because the TRPV6 proteins made in the 5-h period could not be degraded through the proteasomal and lysosomal pathways in the presence of MG-132 (20 M) and chloroquine (100 M), part of these proteins was expected to go through the secretory pathway. Along the way, the proteins will be core glycosylated in the endoplasmic reticulum and then be complexly glycosylated in the Golgi apparatus. Thus the forms of glycosylation in TRPV6 reflect its forward trafficking process, even though part of TRPV6 goes to the plasma membrane through an alternative pathway (20) . As shown in Fig. 8A , it is evident that significant amount of complexly glycosylated TRPV6 appeared in the absence of OCRL 10 h after the administration of the drugs. In contrast, roughly the same level of complexly glycosylated TRPV6 protein appeared at 24 h in the presence of HA-OCRL (Fig. 8A ). In addition, there was a significant decrease in the abundance of the nonglycosylated and core-glycosylated TRPV6 as the complexly glycosylated forms increased in the absence of HA-OCRL; the same was not obvious in the presence of HA-OCRL due to the lower level of complexly glycosylated TRPV6 (Fig. 8A) . Thus HA-OCRL significantly slowed down the forward trafficking process. This is likely the reason that the complexly glycosylated forms of TRPV6 were decreased by OCRL (Figs. 2 and 6E) .
The involvement of phosphatase activity and Rab binding domain in the forward trafficking of TRPV6 was further evaluated at the 10-h time point when the complexly glycosylated forms of TRPV6 became apparent in the absence of OCRL (Fig. 8B) . The G664D mutation abolished the blocking effect of TRPV6 forward trafficking, whereas the D422A mutant behaved similar to the wild-type OCRL. This is consistent with the different effects of the two mutations on TRPV6 trafficking (Fig. 7D) , supporting the role of the Rab binding domain in regulating TRPV6 trafficking. Thus the different effects of the Rab binding mutations (S564P and G664D) and the 5-phosphatase mutation (D422A) on the complexly glycosylated forms of TRPV6 (Fig. 6E) likely reflected their differential effects on the ability of OCRL to control TRPV6 trafficking. Fig. 8 . HA-OCRL slowed down the transition of nonglycosylated and coreglycosylated forms of TRPV6 (ϳ72 kDa) to complexly glycosylated forms (ϳ95 kDa; A) and Rab binding disrupting G664D mutation, but not the phosphatase-dead D422A mutation, abolished this effect (B). See MATERIALS AND METHODS for details.
OCRL Dent-causing mutations relieve the suppressing effect on TRPV6.
To examine whether the regulation of TRPV6 by OCRL is relevant to the pathogenesis of hypercalciuria in Dent disease, we next determined to what extent the Dent-causing mutations of OCRL affect the regulation of TRPV6. All mutations examined, including R318C and Y479C (15), F243S (4), I274T and R493W (51), and D523N and E737D (49) , are associated with hypercalciuria. Compared with the wild-type OCRL, all these mutations significantly relieved the suppression of TRPV6-mediated Ca 2ϩ uptake by OCRL, ranging from 25.9 Ϯ 8.7% for E737D to 86.3 Ϯ 5.6% for I274T (Fig. 9A,  top) , and the TRPV6 protein abundance varied with different mutations (Fig. 9A, middle) . Some OCRL mutants had lower steady-state protein level than the wild-type OCRL (Fig. 9A,  middle and bottom) , and this might be one of the reasons that they were not as effective in suppressing TRPV6. The PI(4,5)P 2 5-phosphatase activity was decreased in all the mutants tested (Fig. 9B, bottom) . Six out of the seven mutations are localized in the 5-phosphatase domain. When normalized to the protein level, their phosphatase activities were all decreased (Fig. 9B, bottom) . The E737D mutation, which is outside the 5-phosphatase domain, did not show a decrease in the 5-phosphatase activity after normalization (Fig. 9B, bottom) .
In general, the value of TRPV6-mediated Ca 2ϩ uptake under the regulation of OCRL mutants was inversely related to the level of total 5-phosphatase activity of these mutants (Fig. 9C) . Four of the mutants, including I274T, F243S, R318C, and E737D, together with the wild-type and none OCRL, fit well with a linear relationship between Ca 2ϩ uptake activity and 5-phosphatase activity (R 2 ϭ 0.986). The other three mutants, including Y479C, R493W, and D523N, differed from the relationship. Interestingly, the three mutants blocked the complexly glycosylated bands of TRPV6 more completely than the wild-type (Fig. 9A, middle) . It is likely that the remaining inhibitory ability of the three mutants on TRPV6 was related to TRPV6 forward trafficking and the ability was somehow enhanced by the disease-causing mutations. The intensity of the complexly glycosylated bands was restored by the I274T mutation, this is likely due to that the low protein level of this mutant diminished its ability to regulate TRPV6 trafficking via Rab binding ability. Thus, even though the impaired 5-phosphatase activity apparently is a major factor contributing to the impaired suppression of TRPV6 by the disease-causing mutations, other factors, such as protein stability and the ability to regulate TRPV6 trafficking, are also likely involved.
DISCUSSION
Hypercalciuria is a major manifestation of Dent disease; however, its pathogenesis is not well understood. In this study, we showed that, similar to CLC-5 (30), OCRL is capable of inhibiting the intestinal Ca 2ϩ channel TRPV6, which plays a critical role in active Ca 2ϩ absorption. The PI(4,5)P 2 5-phosphatase activity and the Rab binding domain each plays a role in this regulation. The suppression effect of the abundance of the complexly N-glycosylated TRPV6 is caused by the blockade of forward trafficking. All Dent-causing mutations of OCRL tested relieved the suppression of TRPV6 to various extents. This is largely due to the reduction of 5-phosphatase activity of these mutants increased the level of PI(4,5)P 2 required for normal TRPV6 Ca 2ϩ uptake function. To our knowledge, this is the first report on the regulation of OCRL on a channel/transporter. Our observations may provide clues for the pathogenesis of hypercalciuria in Dent disease and hypercalciuria in general.
OCRL represents an uncommon phenomenon that dysfunction of one gene cause two different disorders: Lowe's syndrome (25) and Dent disease (8). Lowe's syndrome is a multisystem disorder characterized by anomalies affecting the eye, the nervous system, and the kidney. Dent disease, on the other hand, is a disorder of the kidney. It is unclear how different mutations in one gene result in two different disorders. One possibility is that as a multifunctional protein, OCRL, regulates different processes in different organs. A specific mutation of OCRL may affect the regulation of OCRL on one process more than others. OCRL is comprised of several domains. The catalytic PI(4,5)P 2 5-phosphatase domain of OCRL is flanked by a PH domain at the NH 2 -terminal region, an ASH domain (36) that also contains the Rab binding domain (16) , and a catalytically inactive RhoGAP-like (28) domain at the COOH-terminal region. These domains may coordinate in regulating different processes. They may also have independent roles in regulating different proteins. Because the regulation of TRPV6 by OCRL involves multiple domains of OCRL, it could serve as a model system in evaluating disease-causing mutations of OCRL. In the current study, we focused on the PI(4,5)P 2 5-phosphatase domain and the Rab binding domain.
The PI(4,5)P 2 5-phosphatase domain is the catalytic domain in OCRL. This activity decreases the level of PI(4,5)P 2 . As TRPV6 is positively regulated by PI(4,5)P 2 (48), we anticipated that the 5-phosphatase domain could play an essential role in regulating TRPV6. Indeed, the 5-phosphatase domain alone was capable of inhibiting TRPV6 more robustly than the full-length OCRL (Fig. 3) ; however, the D422A mutant, which abolished the inhibitory effect of the phosphatase domain on TRPV6 (Fig. 4E) , only relieved approximately one-third of the inhibitory effect of OCRL (Fig. 4B ). This is supported by the fact that the 5-phosphatase domain lacking OCRL construct still robustly inhibits TRPV6 (Fig. 6A) . Thus the catalytic domain is important but only plays its limited role in inhibiting TRPV6. The increased inhibitory effect of 5-phosphatase domain alone construct on TRPV6 may be due to the mislocalization of the construct because of the absence of potential localization signals in other domains. In contrast to the compartmented localization of OCRL, the 5-phosphatase domain alone construct may localize ubiquitously in the cell and breakdown of PI(4,5)P 2 in the plasma membrane and, in turn, reduce TRPV6 activity.
OCRL interacts with small GTPases such as Rac and Rab (13, 17) , which are involved in membrane trafficking in organelles such as endosome and trans-Golgi network. The interaction of OCRL with Rab proteins may target OCRL in relevant organelles such as endosome and trans-Golgi network and regulate the PI(4,5)P 2 and PI(4)P balance in these organelles and in turn membrane trafficking (17, 26) . In this study, we found mutations disrupting Rab binding also impair the inhibitory effects of OCRL. It has been proposed that the 5-phosphatase activity and the Rab binding may coordinate in regulating the PI(4,5)P 2 and PI(4)P abundance in cellular organelles (17). Our results indicate that 5-phosphatase activity and Rab binding may function independently in regulating TRPV6 (Fig. 6 ). This does not exclude the coordination between them, but each domain appears to take part in separated processes in regulating TRPV6. The full-length OCRL decreases the level of complexly N-glycosylated bands and surface abundance of TRPV6 (Figs. 2, 4 , and 6) and disruption of the 5-phosphatase activity by D422A mutation does not change this effect. In contrast, disruption of Rab binding by G664D mutation largely restored the abundance of surface protein and the complexly glycosylated bands of TRPV6 (Figs. 5 and 6E ) because of the restoration of TRPV6 forward trafficking (Figs. 7 and 8) . This is another line of evidence supporting the independent actions of the two domains in inhibiting TRPV6.
Our results suggest that two mechanisms for the effects of OCRL on TRPV6. The first one is that OCRL controls the PI(4,5)P 2 level in the cell membrane and, in turn, controls the activity and Ca 2ϩ -dependent inactivation of TRPV6 as revealed by previous studies (48) . This mechanism is likely responsible for the alleviated suppression of TRPV6 by most of the Dent disease-causing mutants, as six out of seven mutants tested exhibit decreased 5-phosphatase activity (Fig. 9B) . In fact, the majority of the Dent-causing missense mutants are in the phosphatase domain (4, 15, 41, 49, 51) . There is an inverse relationship between the 5-phosphatas activity of OCRL mutants and the TRPV6-mediated Ca 2ϩ uptake under the regulation of these OCRL mutants (Fig. 9C) . Thus this mechanism is likely a main mechanism relevant to the regulation of TRPV6 activity. This mechanism should not be limited to the system tested, as it has been shown in the other cells that TRPV6 is regulated by PI(4,5)P 2 (48) .
The second mechanism is that OCRL also regulates TRPV6 trafficking. This regulation may involve multiple domains of TRPV6; however, we focused on the Rab binding domain as it is critical in this regulation. OCRL decreases the complexly glycosylated forms and surface abundance of TRPV6. This effect was largely independent of the 5-phosphatase activity, as the D422A mutation did not restore either of the effects (Fig.  4, C and E) . This suggests that even though the PI(4,5)P 2 5-phosphatase activity is capable of inhibiting TRPV6 activity, its contribution to TRPV6 trafficking is limited. On the other hand, OCRL could inhibit TRPV6 in the absence of its phosphatase activity, such as in the construct without the phosphatase domain or in the construct carrying the D422A mutation. The Rab binding-disrupting G664D mutation significantly reduced the inhibitory effect of phosphatase-deficient OCRL (Fig. 6, A and B) . It also significantly restored the abundance of surface protein and the complexly glycosylated forms of TRPV6 (Figs. 5B and 6E ) and the trafficking of TRPV6 (Figs. 7D and 8B). It is worth noting that even though the phosphatase-disrupting D422A mutation does not restore the band intensity, the restoration of these bands by the S564P and G664D mutations was more robust in the presence of the D422A mutation (Fig. 6E ). This suggests that the 5-phosphatase activity also plays a minor role in the complex glycosylation of TRPV6, although it may not be the determinant step. In fact, three of the Dent-causing mutations that differ from the linear relationship between the Ca 2ϩ uptake and the 5-phosphatase activities all show a significant decrease in the complexly glycosylated forms of TRPV6 (Fig. 9, A and C) , indicating an effect of TRPV6 trafficking is involved. How these 5-phosphatase-disrupting mutations are involved in regulating TRPV6 trafficking requires further investigation.
Our data suggest that OCRL slows down the forward trafficking (Fig. 7) . As BFA diminishes the difference between the presence and absence of OCRL in TRPV6 trafficking, the process disrupted by BFA, which is the delivery of newly synthesized proteins to the plasma membrane, is likely a process regulated by OCRL. This does not exclude the possibility that the recycling process is affected by OCRL as well as reported recently (54) . The fact that blocking the recycling by Rab11a S25N revealed a significant difference in the decrease in Ca 2ϩ uptake between the HA-OCRL expressing group and control group (Fig. 7A) is consistent with an accelerated recycling process by OCRL. Regardless, the inhibitory effects of OCRL on the TRPV6 trafficking process are disrupted by Rab binding-deficient G664D mutation, not by the phosphatase-deficient D422A mutation (Fig. 7D) . The forward trafficking as revealed by the process of the N-glycosylation is inhibited by OCRL, and again, this inhibitory effect is abolished by the G664D mutation, not by the D422A mutation (Fig.  8B ). Thus these lines of evidence indicate that TRPV6 trafficking is mainly regulated by the Rab binding activity of OCRL and this process could be separated from the 5-phosphatase activity of OCRL. OCRL can bind to Rab1 and Rab6 (17) . Rab1 facilitates transport vesicle from ER to Golgi and Rab6 plays a role in retrograde trafficking from Golgi to ER and intra-Golgi transport (56) . OCRL also binds to Rab8 (16) , which plays critical role in vesicle trafficking from trans-Golgi network to plasma membrane (56) . Thus the interaction of OCRL with Rab1, Rab6, or Rab8 might be involved in regulating the forward trafficking of TRPV6.
The effects of phosphatase activity, Rab binding domain could not explain all the inhibitory effect of OCRL on TRPV6, because TRPV6 is still inhibited in the presence of D422A/ G664D double mutations (Fig. 6B) . OCRL is a protein of multiple functional domains. A clathrin box in the PH domain helps to recruit OCRL to endocytic clathrin-coated pits (28) . There is another clathrin box in the ASH-RhoGAP-like domain (5) and the clathrin adaptor protein AP-2 binding motif (50); these motifs are important for recruiting OCRL to clathrincoated vesicles to facilitate endocytosis (6, 28) and vesicle trafficking between early endosome and trans-Golgi network (5). Our preliminary study indicates the clathrin binding motifs and AP-2 binding motif participate in the inhibition of TRPV6 (data not shown). The RhoGAP-like domain appears to limit the inhibitory effect of OCRL on TRPV6. The potential role of RhoGAP-like domain and other regulatory activities of OCRL on TRPV6, such as regulating actin polymerization (46), against-induced Ca 2ϩ release (45) , and interaction with Rab5 effector APPL1 (12) , are yet to be assessed.
Although TRPV6 was originally identified from intestine (33), it is also expressed in other organs in humans including placenta, pancreas, prostates, kidney, and testis (34) . Expressed sequence tags of TRPV6 were found in the brain, eye, blood, and several other human tissues. As OCRL is more ubiquitously expressed, it could certainly regulate TRPV6 in tissues other than the intestine.
It is unclear what roles TRPV6 plays in organs such as the brain and the eye. Thus it is premature to speculate whether the regulation of TRPV6 by OCRL is involved in other abnormalities in Lowe syndrome. TRPV6 is unlikely the only channel protein regulated by OCRL, other channels, transporters, and receptors, such as some in the TRP super family, may also be targets of OCRL-mediated regulation.
In summary, OCRL suppresses TRPV6 via controlling the trafficking of TRPV6 protein via its Rab binding activity and TRPV6-mediated Ca 2ϩ transport via its PI(4,5)P 2 5-phosphatase activity. The latter regulation is impaired by Dent-causing OCRL mutations. Taken into consideration that CLC-5, the other protein associated with Dent disease also suppressed TRPV6 (30), TRPV6 activity is likely elevated due to the increased transcription of TRPV6 gene caused by increased 1,25(OH) 2 D 3 (42) and/or relieved of suppression of TRPV6 under Dent conditions. Thus the dysregulation of TRPV6 by OCRL mutants likely contributes to the development of hypercalciuria in Dent disease and possibly Lowe syndrome, which is also frequently associated with hypercalciuria (43) .
